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Large-area film removal with lasers is a physical process of melting and vaporization of films. A
mathematical model is developed to simulate the melting and vaporization of films under the
irradiation of a chemical oxygen–iodine laser. The cross section of the film after laser scanning and
the substrate surface temperature during laser irradiation are presented. There is an optimum laser
power at which relatively wide films can be removed by maintaining low temperature at the
substrate surface. The optimum laser power is associated with other process parameters. The results
of film removal with TEM31 and TEM00 beams are compared, and the laser mode with more uniform
intensity distribution is found to be more effective for large-area film removal. ©1997 American
Institute of Physics.@S0021-8979~97!08022-5#
I. INTRODUCTION
High-power industrial lasers are usually used for cutting,
welding, and cladding. One of the latest applications of high-
power lasers is the removal of large-area films from sub-
strates. For example, all aircrafts with painted surfaces must
be stripped and repainted on an average four-year cycle,1 and
laser paint removal is considered as a potential technique to
replace the expensive and hazardous conventional chemical
and mechanical methods.1–8 The high-power lasers have
been demonstrated for possible applications to remove hard
coating~TiN or WC! from tools9 and embedded contamina-
tion from construction materials.10
Both pulsed1–3,5,6 and continuous wave2,3 lasers have
been applied for large-area film removal. CO2, Nd:YAG, and
excimer lasers are widely known lasers that can be suitable
for such applications.1–6 Chemical oxygen–iodine laser
~COIL! is another choice because it has short wavelengths
(l51.315mm) close to the Nd:YAG laser (l51.06mm)
and higher power than the Nd:YAG laser. The COIL beams
can be transmitted by optical fibers instead of the mirror and
tube system usually used for CO2 laser, because of the low
transmission loss of COIL due to its short wavelength. How-
ever, COIL is still under development. McDermotte al.11
invented COIL in 1977, and Truesdellet al.12 demonstrated
the engineering scalability of a supersonic gas flow COIL
with 39 kW RotoCOIL device in 1989. This device used
compact, rotating-disk, wetted-wall chemical reactors to gen-
erate large quantities of singlet delta oxygen, and then mixed
the oxygen with iodine using a stacked supersonic nozzle
array.13 Researchers have demonstrated the continuous op-
eration of COIL for long durations.14–18 The principle of
COIL has been discussed by Truesdellet al.12 and Avizonis
and Truesdell19 in details.
Fujioka reviewed the transmission of COIL through op-
tical fibers to examine the industrial applications of such
beam delivery systems.20 Atsuta et al.21 and Fujii22 demon-
strated the transmission of a 1 kW COIL beam through a
300-mm diameter silica fiber at an intensity of 1.4 MW/cm2.
Atsuta et al.21 investigated the cutting capability of COIL,
and Karet al.23,24 studied thick-section cutting with COIL.
Xie and Kar25 obtained temperature-dependent absorptivity
and compared the cutting capability for COIL, CO2, and
Nd:YAG lasers. Although COIL has been used for cutting
purposes, its application for film removal has not been re-
ported in the available literature.
The purpose of this study is to consider the melting and
vaporization processes to develop a mathematical model for
large-area film removal with COIL. This model is used to
examine paint removal from an aluminum substrate and the
effects of laser modes and process parameters on film re-
moval. The temperature rise at the substrate surface is also
calculated, which is particularly important to avoid any dam-
age to the substrate during the film removal process.
II. MATHEMATICAL MODEL
The laser beam of a typical COIL cavity is rectangular in
shape, and consists of several modes. The heating character-
istics of a multimode beam are different from a Gaussian
(TEM00) beam.
24 Both multimode and Gaussian beams can
be used for film removal from substrate surface. The geomet-
ric configuration for film removal is shown in Fig. 1, where
a rectangular COIL beam of half-widthw1 and half-lengthl 1
moves in thex direction with a constant velocityn.
Laser film removal involves melting and vaporization of
the film.2,3,5,6,9The film under the laser spot is heated up and
finally vaporized away. The heat fluxes of interest at various
sites are shown in Fig. 2, whereD is the film thickness, and
DV and Dm are the vaporization and melt depths, respec-
tively. qLV is the heat flux leaving the vaporization front, and
qLm8 andqLm are the heat fluxes flowing into and out of the
melting front, respectively.I andI sub are the laser intensities
at the vaporization front and film-substrate interface, respec-
tively.a!Electronic mail: aravinda@lorien.creol.ucf.edu
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The phase changes at the liquid-vapor and solid-liquid









5qLm8 2qLm at the melting front, ~2!
wherer is the density of the film, andLm and LV are the
latent heats of melting and vaporization, respectively. Equa-
tion ~1! and ~2! are subject to the initial conditions,DV(0)
5Dm(0)50. Under quasi-steady state condition, the liquid-








Usually, the melt layer is very thin for which the temperature
distribution in the liquid layer may be assumed to be linear in
the z direction. Under this condition, the incoming heat flux
qLm8 at the melting front is equal to the outgoing heat flux
qLV at the vaporization front, that is,
qLm8 5qLV . ~4!






It should be noted that Eqs.~1! and~2! are obtained based on
heat flow in thez direction for a stationary laser beam with
uniform intensity I . These equations are applicable within
the entire laser spot when the spot is very large compared to
the film thickness. In this study, the intensityI is considered
to vary in thex and y directions, that is,I 5I (x,y), which
will cause heat conduction in these directions. The tempera-
ture in thez direction drops fromTV to the film-substrate
interface temperature across the film. In thex and y direc-
tions, the temperature drops fromTV to a temperature at the
edge of the beam over larger distances giving rise to smaller
temperature gradients than in thez direction for laser beams
of large spot size. So, the heat losses in thex andy directions
can be neglected, and Eqs.~1! and~2! can be applied to large
laser spot size and nonuniform intensity distribution. How-
ever, three-dimensional heat transfer needs to be considered
for the substrate because of its large volume and high ther-
mal conductivity compared to the film.
The transient solutions of Eqs.~1! and~2! are applied to
the quasisteady state moving beam problem by evaluating
DV(t) andDm(t) at the laser-material interaction timest of





The vaporization and melt depths due to the intensity at any
point (x,y), I (x,y), are calculated from Eqs.~1! and ~2!,
respectively, corresponding to the interaction time for that
point as given by Eq.~6!, and then the results are integrated
with respect tox for fixed y to account for the motion of the
laser beam in thex direction. This yields the cumulative
depths and provides a simple method to investigate the to-
pology of the laser-irradiated region through the proposed
hybrid model as discussed below.







I mn , ~7!
whereM andN are the largest mode numbers of the beam in
thex andy directions, respectively.I mn is the intensity of the
rectangular beam ofmth and nth order modes, which is
given by
I mn5I 0Hm
2 S&xl 10 DHn2S&yw10DexpS 2 2x
2
l 10







andPmn is the total power of the laser beam ofmth andnth
order modes.l 10 and w10 are, respectively, the half-length
and half-width of the Gaussian mode. Ifl 1 and w1 are, re-
spectively, the half-length and half-width of the spot for the
beam with TEMmn mode,l 1 andw1 are related to Gaussian
spot size by the expressions,l 15 l 10A2m11 and w1
5w10A2n11. A is the absorptivity of the film.Hm andHn
FIG. 1. Large-area film removal with a rectangular COIL beam.
FIG. 2. Heat fluxes at various interfaces.
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are, respectively,mth andnth degree Hermite polynomials
for the mth andnth order modes of the laser beam.
The heat flux that reaches the substrate surface,I sub, has
similar intensity distribution as the incident laser intensityI ,
and its value is the difference between the incident laser
intensity and the energy utilized to heat, melt, and vaporize
the film per unit area per unit time, that is,
I sub5~ I sub!0Hm
2 S&xl 10 DHn2S&yw10DexpS 2 2x
2
l 10
2 DexpS 2 2y2w102 D ,
~10!
where
~ I sub!05I 0











I ave is the average power density based on the area of the
rectangular spot of the beam. (dDV /dt) in Eq. ~11! can be
represented approximately by the average vaporization ve-





Therefore, (I sub)0 can be written as







The heat fluxqLm is approximately equal toI sub because the
thermal energy absorbed by the solid film below the melting
front is usually very small for thin films. However, due to the
effect of the interaction time at different locations in thex
direction, the heat fluxqLm is taken equal toI subvarying with






Also, due to the linear temperature variation along thez di-





The thickness of the melt, (Dm2DV) can be obtained from
Eqs.~5!, ~15!, and~16! as follows
Dm2DV5
k1~LV1Lm!~TV2Tm!
LmI 1LVI sub~ l 12x!/~2l 1!
. ~17!
Substituting Eqs.~5!, ~6!, and~15! into Eq. ~1! and integrat-







l 1S I 2I sub l 12x2l 1 Ddx. ~18!
During the film removal process, a fraction of the laser en-
ergy is absorbed by the film, and the rest is conducted to the
substrate increasing its temperature. It is very important to
control the substrate surface temperature to avoid any dam-
age, at least no melting, of the substrate. By using the heat
flux I sub from Eq.~10! in the three-dimensional heat conduc-
tion model of Karet al.,24 the temperature distribution in the
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2 D . ~24!
The temperature,T(x,y,z) in Eq. ~19! is the dimensionless
normalized temperature of the substrate as defined by Eq.
~20!, T1(x,y,z) andT0 are the actual and initial temperatures
of the substrate, respectively, andTm is the melting point of
the film. a is the thermal diffusivity of the substrate. The
integrals in Eq.~19! are numerically evaluated using the
trapezoidal rule for numerical integration to calculate the
temperature distribution at the substrate surface for various
process parameters.
TABLE I. Thermophysical properties of polymers and aluminum.a,b
Polymers Aluminum
Densityr (kg/m3) 1200 2700
Specific heatcP (310
3 J/kg K) 2.0 0.899
Latent heat of melting (3105 J/kg) 0.65 0.97
Latent heat of vaporization (3105 J/kg) 2.72 112.97
Melting temperature~K! 473 933
Thermal decomposition temperature~K! 593
Thermal conductivity~W/mK! 0.2 92
Thermal diffusivity (31026 m2/s) 0.1 38
aSee Ref. 28.
bSee Ref. 29.
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The mathematical model represented by Eqs.~17!–~19!
can be used to study the physical processes for film removal
and estimate the temperature rise at the substrate surface.
This model is applied to a case of paint removal from an
aluminum substrate. Since the physical properties of paint is
mainly determined by the polymer film,27 the average values
of the thermophysical properties of polymers are used for
numerical calculations. The thermophysical properties of
aluminum28,29 and polymers are listed in Table I. The ab-
sorptivity of paints is very high30 and it is taken to be 80% in
this study. The film thickness is chosen to be 1 mm in the
calculations.
III. RESULTS AND DISCUSSION
The intensity distribution of TEM31 COIL beam of width
and length 10 mm each is shown in Fig. 3. It should be noted
that M53 andN51 correspond tom50,1,2,3 andn50,1,
respectively, which means that the beam has four and two
modes in thex and y directions, respectively. Due to the
particular choice of the power distribution in each mode as
given in Table II, the intensity is low at the beam center and
high near the edges of the beam in bothx andy directions as
shown in Fig. 3. There are four major and four minor inten-
sity peaks near the corners and central region, respectively.
The film surface and the temperature distribution at the
substrate surface under the TEM31 COIL spot are shown in
Figs. 4 and 5, respectively. At the front edge of the spot
(x5 l 1) in Fig. 4, the heating of the film begins. When the
laser beam continues to move in thex direction, the film in
the path of the beam is heated up to the melting and vapor-
ization points so that the film is removed by vaporization.
Two valleys are formed in the irradiated region because the
laser intensity has two peaks in they direction. The tempera-
ture distribution is symmetric with respect to they axis and it
has two peaks as shown in Fig. 5. These peaks are located
near the rear intensity peaks of the laser beam.
Figure 6 shows the cross section of the film after irradia-
tion with a TEM31 COIL beam. The film contour resembles
to the letter ‘‘W’’ at low laser powers, while the film is
vaporized away completely in the central region at higher
laser powers. However, the removed width of the film in the
FIG. 3. Three-dimensional intensity distribution of a TEM31 COIL beam
~P5450 W, 2l 152w1510 mm!.






0 1 2 3
TEM31 0.45 0 0.0075 0.030 0.075 0.1125
1 0.0075 0.030 0.075 0.1125
0.90 0 0.015 0.060 0.150 0.225
1 0.015 0.060 0.150 0.225
1.40 0 0.023 0.093 0.233 0.350
1 0.023 0.093 0.233 0.350
2.00 0 0.033 0.133 0.333 0.500
1 0.033 0.133 0.333 0.500
2.25 0 0.041 0.166 0.417 0.625
1 0.041 0.166 0.417 0.625






FIG. 4. Three-dimensional view of the film surface due to irradiation with a
moving TEM31 COIL beam~P5450 W, n510 cm/s, 2l 152w1510 mm!.
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central region cannot be expected to increase greatly with
increasing laser power because high intensity laser beams
will remove the entire film and then irradiate the exposed
region of the substrate surface. Therefore, the laser power
will be utilized to heat up the substrate, which may damage
the substrate due to melting or degrade its mechanical prop-
erties. Owing to these effects, the increase in the removed
film width is limited when the laser power increases. The
ideal situation is to remove the film completely without af-
fecting the properties of the substrate.
The effect of laser beam scanning speed on film removal
is shown in Fig. 7, which indicates that wider film is re-
moved at lower scanning speeds. However, low scanning
speeds will increase the film removal time and it may raise
the substrate temperature which is similar to the situation
encountered at high laser powers. The removed film width
increases with the increase in the laser beam width as shown
in Fig. 8, which means that a wider beam can be selected to
remove more film if the laser power is sufficiently high.
The removed film width and the maximum substrate sur-
face temperature at different laser powers are presented in
Fig. 9, which indicates a large increase in the temperature
and a limited increase in the removed film width as the laser
power increases. An optimum laser power is found to be
about 1 kW at which relatively more film is removed and the
maximum substrate surface temperature is low. If the laser
power is higher than the optimum value, the removed film
width increases a little but the maximum substrate surface
temperature rises rapidly. It should be noted that the opti-
mum laser power depends on the process parameters. For
example, the optimum laser power will be higher than 1 kW
if the laser scanning speed is larger than 10 cm/s, or the laser
beam width is greater than 10 mm. The optimum laser power
can be obtained from the mathematical model of this article.
There is a maximum value of the removed film width at
which the substrate temperature reaches its melting point,
which is about 6.4 mm in Fig. 9. When the laser power is
less than a minimum value~about 500 W in Fig. 9!, the laser
power is insufficient to vaporize the film completely from the
substrate.
FIG. 5. Three-dimensional normalized temperature distribution at substrate
surface due to irradiation with a moving TEM31 COIL beam~P5450 W,
n510 cm/s, 2l 152w1510 mm!.
FIG. 6. Variation in the film thickness and width for various laser powers
~TEM31, n510 cm/s, 2l 152w1510 mm!.
FIG. 7. Variation in the film thickness and width for various scanning
speeds~TEM31, P5450 W, n510 cm/s, 2l 152w1510 mm!.
FIG. 8. Variation in the film thickness and width for various widths of the
laser beam~TEM31, P52.25 kW, n510 cm/s, 2l 1510 mm!.
4748 J. Appl. Phys., Vol. 82, No. 10, 15 November 1997 J. Xie and A. Kar
The TEM00 mode ~Gaussian beam! is popular for laser
materials processing. The three-dimensional intensity distri-
bution of a square COIL Gaussian beam is shown in Fig. 10,
which is similar to a circular Gaussian distribution except at
the edges of the beam. The film surface produced by a square
COIL Gaussian beam is shown in Fig. 11. Due to the cumu-
lative effect of melting and vaporization on the film removal
depth, more film is removed at the rear edge than at the front
edge of the laser spot and the valley of the film surface is
located at the central region of the rear edge. However, the
maximum surface temperature occurs a little behind the
beam center in the negativex direction because of the advec-
tion effect associated with the relative motion between the
laser beam and workpiece. The cross-sectional contour of the
film produced by the TEM00 COIL beam resembles to the
letter ‘‘V.’’
It is interesting to compare the film removal results ob-
tained by using the TEM00 and TEM31 beams. The variations
in the cross section of the film produced by the TEM00 COIL
beam are shown in Fig. 12 for various laser powers. The
trend is similar to the case of TEM31 in that the removed film
width increases very little, while much of the laser energy is
utilized to heat up the substrate when the laser power is high.
Similarly, it is found that there is also an optimum laser
power for the TEM00 COIL beam which is about 1 kW, same
as that of the TEM31 beam. This implies that the optimum
laser power is independent of the laser mode.
The removed film widths and maximum substrate sur-
face temperatures for the TEM31 and TEM00 COIL beams
are compared in Figs. 13 and 14, respectively. The removed
widths due to the TEM31 and TEM00 beams are almost iden-
tical when the laser power is less than the optimum power,
but the width in the case of the TEM00 beam is a little higher
than in the case of the TEM31 beam when the laser power is
greater than the optimum value as shown in Fig. 13. This is
because the intensities of the TEM00 beam at the transverse
edges are higher than that of the TEM31 beam. However, the
maximum substrate surface temperature caused by the
FIG. 9. Variation of the removed film widths and the maximum normalized
temperature at the substrate surface with laser power~TEM31, n510 cm/s,
2l 152w1510 mm!.
FIG. 10. Three-dimensional intensity distribution of a TEM00 COIL beam
~P5450 W, 2l 152w1510 mm!.
FIG. 11. Three-dimensional view of the film surface due to irradiation
with a moving TEM00 COIL beam ~P5400 W, n510 cm/s, 2l 152w1
510 mm!.
FIG. 12. Variation in the film thickness and width for various laser powers
~TEM00, n510 cm/s, 2l 152w1510 mm!.
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TEM31 beam is always higher than in the case of the TEM00
beam due to higher peak intensities of the TEM31 beam.
Uniform intensity distribution is expected to remove more
film without raising the substrate temperature significantly.31
IV. CONCLUSIONS
A mathematical model for large-area film removal with a
chemical oxygen–iodine laser is developed in this study.
This model can be used to study the melting and vaporiza-
tion phenomena during film removal and estimate the sub-
strate surface temperature. The cross section of the film as-
sumes the shape of the letter W after TEM31 COIL beam
irradiation and V after TEM00 beam irradiation at low laser
powers. The film in the central region of the laser spot is
removed completely due to vaporization at higher laser pow-
ers. The removed film width and the substrate surface tem-
peratures increase as the laser power increases, and the beam
width and scanning speed decrease. There is an optimum
laser power at which relatively wider film is removed and the
substrate surface temperature is not very high. The optimum
value depends on the process parameters, but not on the laser
modes. The removed film width by both TEM31 and TEM00
COIL beams are close to each other, but the TEM31 beam
causes higher temperature at the substrate surface because of
its higher peak intensities. Laser beams with high peak in-
tensities may damage the substrate or degrade its mechanical
properties. Uniform intensity distribution is expected to be
suitable for large-area film removal.
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